INTRODUCTION
This study was undertaken for two purposes. The first was to examine an 8-month near-bottom velocity and temperature record from the Eastward Scarp of the Bermuda Rise at 32ø52.5'N, 57ø29.0'W in water depth of 4620 m, and to compare these observations with a numerical bottom boundary layer (BBL) model described by Weatherly et al. [1980] and Weatherly and Martin [1978] . Simulations of the BBL with the parameters at this site are used to explore the effects of a sloping bottom, density stratification, tidal oscillations, and unsteady free-stream flow on the structure and dynamics of the boundary layer. The second purpose was to extend the study begun in Weatherly et al. [1980] of the combined effects of tidal and mean currents on the structure of the BBL. It has been observed in flows composed of a mean flow and a small oscillatory flow that these components are damped unequally as the bottom is approached in the B BL [Weatherly and Van Leer, 1977; Weatherly and Wimbush, 1980] . The model reproduces this feature, and a mechanism is presented.
REVIEW OF THEORY AND LITERATURE
The equations used in this study of the B BL are 
where No is the Brunt-Vaisala frequency in the interior [Weatherly and Martin, 1978] . This layer thickness represents the height at which the Richardson number first becomes ->0.21. In the few studies of deep oceanic bottom boundary layers, thicknesses of the order of 20-30 m have been observed [Bowden, 1978] .
The bottom stress r•may be computed by vertical integration of the horizontal momentum equations [1968] , and values of surface Rossby number typical of the deep ocean, u, can be estimated as 3-5% of the geostrophic speed. Further discussion of the dependence of u, on stratification may be found in Bird [1981] .
The total veering angle, a0, is also a function of surface Rossby number [Csanady, 1967] and No [Bird, 1981] , with values of 10 ø to 20 ø expected for surface Rossby numbers and values of No typical of the deep ocean. In the lowest part of the BBL, the logarithmic layer, the current vector is not expected to turn appreciably with depth because Coriolis effects are negligible there. Kundu [ 1976] reported an Ekman veering angle of 6 ø between 5 and 20 m above the ocean bottom on the Oregon shelf, well above the logarithmic layer (--•3 m) thick. The current veered counterclockwise (CCW) as the bottom was approached, as expected in the northern hemisphere. Weatherly [1972] , in a study of the BBL beneath the Florida Current, observed a mean veering of The velocity components and speeds are in units of cm/s, direction is degrees from true north, and the temperature is the in situ temperature in øC. 10øCCW in the lowest 3 m and no mean veering above the logarithmic layer over a period of 6 days. Veering above the logarithmic layer was observed only when the current was very strong (---30 cm/s). It was suggested that the variability in direction of the current due to the presence of a strong diurnal tide prevented the Ekman layer from forming above the logarithmic layer. In a study of the BBL in the eastern tropical North Pacific, a mean veering of 11 ø CCW was observed between 50 and 8 m above the bottom, but between 8 and 4 m, the current vector turned 6 ø in a clockwise sense [Hayes, 1980] . Hayes attributes this clockwise rotation to small-scale topography near the mooring; the discrepancy is too large to be explained by an instrumental effect. Oceanic flow in the BBL may be decomposed into a steady current and an oscillatory current. The oscillatory current can be further resolved into a clockwise polarized flow and a counterclockwise polarized flow by means of rotary spectral analysis. Table 2 To gain insight into the processes determining the structure and dynamics of the BBL, the simulations proceeded in stages. First, the mean features of the 5-day period were simulated with a steady free-stream velocity which was obtained by averaging the velocity at 62 m over that period. As a next step in reproducing the characteristics of the time series, the effect of the major tidal component was reproduced by using a free-stream velocity consisting of an oscillating flow superposed on the mean velocity field. nature of the time series, the velocity measured at 62 m above the bottom was used as input for the model freestream velocity. In all runs, the free-stream velocity was linearly increased to its starting value over 1 day to lessen the inertial oscillations associated with initializing the model. Table 3a summarizes speed and direction relative to Vz at the four heights closest to the current meter positions for the three steady model simulations and for the 5-day averaged data. In the a = 0, the bottom parallel isopycnal case, the speed at every level in the BBL is higher than the observed speed. In the a • 0 simulations, the speeds at all levels in the B BL are reduced in comparison to the a = 0 case. The profile for the observed speed averaged over the 5oday period (Figure 10 ) was drawn assuming a BBL thickness of 40 m as indicated by calculations using equations (5) and (7).
Hodographs using the mean observed and the simulated velocity components for the parallel and sloping isopycnal cases are depicted in Figure 11 . A coordinate system was chosen such that the interior velocity has no u component for comparison to the model. The angle that the hodograph makes in the lowest part of the BBL represents the total veering angle, or total rotation of the current vector with depth. The veering predicted by the model is greater than that observed. The error in direction for the VACM is 2.0 ø [Bryden, 1976] , so that the total error in the veering angle between any two current meters is at most 4.0 ø . Thus, the discrepancy between the data and the model results is significant. Table 3b The error in the estimate of bottom stress contributed by the error in direction measured by the current meter can be estimated in this manner also. With only four current meters, an error of +--2 ø in any one current meter results in as much as a 13% change in magnitude and a 12% change in direction. In the model the water column is initially linearly stratified. In the a = 0 situation, as time progresses, the bottom layers become well mixed with a temperature equal to the average of the initial temperature at the top of the mixed layer and that at the bottom. Table 3a ) and where amp is the tidal amplitude (1.35 cm/s Table 2 ) and •o is the tidal frequency (1.4 x 10 -4 s-l). In this simulation, isopycnal slope relative to the bottom slope was set to zero in order to examine only the effects of the tide.
The oscillatory component of the flow was small relative to the mean flow at all levels, and the effects of the tide on the flow were small (Figure 12) . The magnitude of the bottom stress averaged over a tidal cycle was slightly greater for the combined flow than for the steady flow because of increased dissipation by the tidal flow. The bottom stress due to the M2 clockwise polarized tide alone was 0.0038 dynes/cm 2 in magnitude, that due to the mean flow was 0.4689 dynes/cm 2, and that of the combined flow, averaged over a tidal period, was 0.4708 dynes/cm 2. In this case, the model shows that the tidal amplitude is too small to alter the flow parameters significantly.
To test fully the agreement between model and the data, measured values of the interior velocity can be used as input for the model in place of a steady geostrophic velocity or a combined steady tidal current. Although the VACM recorded an average velocity every 7.5 min, the study of Weatherly and Wimbush [1980] suggest that an appropriate Reynolds averaging interval for the BBL should be several hours. Thus, the 2-hour averaged velocity time series at 62 m was used as the interior velocity for the model, linearly interpolated into the 20-min time intervals required by the model. In the a 9 0 simulations, the basic state was taken to be the model output at the beginning of day 3 (Table 4) 
DAMPING OF FLOW IN THE BBL
The Bermuda Rise measurements and output from the numerical model indicate that as the bottom is approached the semidiurnal tidal current is more damped in the BBL than the mean flow (Table 5) The discrepancy in veering angle between the data and the model is significant and cannot be attributed solely to instrumental error. One possible explanation for a reduced veering in the data lies in the topography. Furrows were found upstream of the mooring although none were found in the immediate vicinity [McCave et al., 1982] . Brown [1970] solved the equation of motion to obtain helical rolls as finite perturbations on a mean large-scale flow in a boundary layer. In these solutions, the velocity profiles were altered so that the veering angle was reduced; velocity profiles made in the atmospheric boundary layer beneath parallel cloud lines give similarly reduced veering angles. Also, helical rolls result in reversed veering in the lower part of the boundary layer [Brown, 1980] and reverse (but not significant) veering is seen between 6.9 and 0.8 m in Figure 6 . Furrows can set 
